Abstract-Grid-scale Battery Energy Storage Systems (BESSs) are gaining increasing consideration over the last few years since their connection has been shown to improve the dynamic behavior of the power grid. However, existing Intentional Controlled Islanding (ICI) approaches do not consider the changes in structure and operation that modern power systems are experiencing due to the increasing integration of grid-scale BESSs. In this paper a previously proposed ICI algorithm (for minimal power-flow disruption) is modified to consider the impact of BESSs on the power system. More specifically, the proposed modified ICI algorithm aims to determine the optimal islanding solution that minimizes the power imbalance between the generation (i.e., synchronous generators and the BESSs) and the consumption (i.e., loads and BESSs) within each island. This is achieved through determining the island that each BESS should be, and the optimal active power set-points for the BESSs that minimize the power imbalance in the formed islands.
I. INTRODUCTION
Grid-scale battery energy storage systems (BESSs) are becoming increasingly attractive as the connection of a BESS has been shown to improve the dynamic behavior of the power grid [1] . BESSs are a promising technology for grid applications (e.g., grid stabilization, load leveling, frequency and voltage regulation, power system management [1] ) as they can deliver fast and flexible dynamic response, and they are able to react to grid demands nearly instantaneously. BESSs provide a wide range of energy storage capacity, up to 100 MWh, with high efficiency [2] , [3] .
Some successful demonstrations of BESSs are the 17 MW/14 MWh B BEWAG AG in Berlin for frequency regulation, 20 MW / 14 MWh PREPA in Puerto Rico for frequency control and voltage regulation, and 10 MW / 40 MWh Southern California Edison in Chino, California for load leveling, rapid spinning reserve and instantaneous frequency control. These systems are now providing more than 10 years of operational experience [4] .
Intentional controlled islanding (ICI) is an effective corrective measure of last resort for mitigating the consequences of large disturbances which might eventually lead to a partial or complete blackout. [5] . When the loss of the power system integrity is inevitable, ICI can limit the occurrence and cost of blackouts by splitting the entire power system into smaller subsystems, also known as islands. The controlled islanding solution needs to determine the proper splitting points to create stable and sustainable islands, while maintaining generator coherencies and other static and dynamic constraints [6] , [7] .
Current approaches for ICI aim to minimize the power-flow disruption or to minimize the power imbalance within islands. This is usually achieved by modeling the ICI as a combinatorial optimization problem with constraints. For instance, the authors in [8] have proposed an ICI algorithm based on a Mixed Integer Linear Programming (MILP) formulation, which is capable of directly determining an islanding solution with minimal power-flow disruption for any given number of islands, while ensuring that each island contains only coherent generators. In addition, the aforementioned algorithm enables operators to constrain any transmission line to be excluded from the solution (e.g., transformers), allows the control of the size of the islands and ensures that each resulting island is connected. Nonetheless, to the best of the authors' knowledge, no ICI approach exists that considers the changes in structure and operation that modern power systems are experiencing due to the increasing integration of grid-scale BESSs.
In this paper the previously proposed MILP ICI algorithm is modified to consider the impact of BESSs on the power system. More specifically, the proposed modified ICI algorithm aims to determine the optimal islanding solution that minimizes the power imbalance between the generation (i.e., synchronous generators and the BESSs) and the consumption (i.e., loads and BESSs) within each island. To achieve this, the modified MILP ICI algorithm decides in which island each BESS should be belong to, and at the same time, it defines the optimal active power set-points for the BESSs that minimize the power imbalance in the formed islands. Note that the BESS can act either as a generation source (discharging mode) or as a load (charging mode). This paper is organized as follows: the existing MILP ICI is briefly described in Section II. The modified MILP ICI algorithm for minimal power imbalance along with the new constraints for the BESSs are presented in Section III. Section IV presents the simulation results for the IEEE 39-bus test system while Section V concludes the paper.
II. INTENTIONAL CONTROLLED ISLANDING
This section presents the existing MILP ICI algorithm for minimal power-flow disruption. The graph theory fundamentals are also given in this section.
A. ICI Problem Modeling
An undirected graph-model , ( ) = can be used to describe an m-generator and n-bus power system. In this context, the node set 
B. Existing MILP ICI Algorithm
The existing MILP ICI algorithm proposed in [8] solves the ICI problem for minimal power-flow disruption by representing it as a constrained combinatorial optimization, , ,
,
In this framework, , is a node subset that contains the group of coherent generators for each island k , while C is an edge subset that contains all the branches that cannot be disconnected (e.g., transformers, critical lines).
The first step of the existing MILP ICI algorithm is a preprocessing procedure, which is applied on graph in order to reduce the search space of the MILP and the overall complexity of the problem [8] . The objective of the preprocessing procedure is to find the tree , , ( )
in that connects all the generator nodes of each coherent group gen k with the minimum number of nodes. The nodes that are included in each k are then directly assigned to their resulting island in the MILP formulation, ensuring the generator coherency. Moreover, it is important to mention that the preprocessing procedure ensures the presence of at least one load-bus in each k to avoid the production of isolated generator nodes, and consequently, to form more reliable islands.
III. CONTROLLED ISLANDING AND GRID-SCALE BESSS
In this section, the controlled islanding and the impact of grid-scale BESSs on the modern power system are combined under the same framework. This is achieved through modifying both the objective function and the constraints of the existing MILP ICI algorithm.
A. Grid-scale BESSs
The connection of a BESS to the power system has been shown to improve the dynamic behavior of the system [10] . In general, BESS is a valuable, promising technology for grid applications as [11] :
It can deliver fast and flexible dynamic response.
It offers a wide range of energy storage capacity. It has high efficiency (70-80%) with very low standby losses.
It has a lifetime of about 3-15 years (depending on the operating conditions and cell technology). At present, the high cost has been the main barrier to the deployment of BESSs in grid-scale facilities [12] . However, industries have been significantly investing in improving the battery cost competitiveness, and it is expected that the battery price will drop dramatically by 2020 [13] .
B. Modified MILP ICI Algorithm
In this paper, it is assumed that the BESSs are able to receive active power set-points to act either as a generation source (discharging mode) or as a load (charging mode). In this context, the proposed modified ICI algorithm aims to further determine: i) the island that each BESS should be assigned to and ii) the optimal active power set-point BESS i P of each BESS that minimizes the power imbalance between the generation (i.e., synchronous generators and the BESSs) and the consumption (i.e., loads and BESSs) within each island. This is achieved though the incorporation of additional BESS constraints to the MILP formulation.
1) BESS constraints
Consider the node set BESS ⊂ which contains only the buses with BESS directly connected to them, and the node sets 
where variable BESS i P is the BESS set-point at node ) which depends on the production of the generators and BESSs assigned in that island. Note that the production of each BESS assigned in island k is determined by a set-point BESS i P . Constraint (5) defines the power imbalance k P Δ within island k as the difference between the generation (i.e., synchronous generators and the BESSs) and the consumption (i.e., loads and BESSs). Finally, constraint (6) guarantees sufficient generation capacity to match the load consumption in the formed islands, and further, to charge any BESS that needs to be charged (based on the resulted set-points). At the same time, constraint (7) avoids the unnecessary shut down of generators just to achieve the loadgeneration balance. Note that, constraints (5)- (7), take into account that a BESS can act either as a generation source (discharging mode) or as a load (charging mode).
2) Modified Objective function
The objective of the modified MILP ICI algorithm is to determine the optimal islanding solution that minimizes the power imbalance within each island. Similar to the ICI problem for minimal power-flow disruption, the ICI problem for minimal power imbalance can also be represented as a constrained combinatorial optimization (considering the direction of power flow), , , The use of minimal power imbalance as the objective function reduces the amount of load that must be shed and the generation to be rescheduled after system splitting [14] . The new objective function is subject to the BESS constraints presented in Section III-B, as well as to the constraints of coherent generator groups and line availability (constraints of the existing MILP ICI algorithm presented in Section II-B). The inclusion of k P Δ in the objective function enforces the modified MILP ICI algorithm to determine in which island each BESS should be assigned to, and what is the optimal active power set-point BESS i P for each BESS that minimizes the power imbalance in the formed islands.
IV. SIMULATION RESULTS
The effectiveness of the modified MILP ICI algorithm is demonstrated using the dynamic model of the IEEE 39-bus test system ( Fig. 1) ( i.e., a sixth order full machine model with exciter and governor for each generator) [15] . The algorithm is aimed to be used following the determination of the necessity to split the power system. Moreover, it is assumed that six BESS of 10 MW each with a state of charge between 20-80% have been arbitrarily connected at buses 3, 4, 8, 14, 15, and 26 (Fig. 1) . All times quoted are based upon simulations performed in Matlab (on a PC with 3.10 GHz dual core CPU and 4 GB RAM).
A. Case Study 1
At time t = 1 s, a three phase to ground fault occurs at bus 2 and is cleared 0.65 s later, at t =1.65 s. The swing curves of the generators during this fault are shown in Fig. 2 . As it can be noticed, shortly after the fault is cleared, three groups of generators are formed: {G31, G32}, {G33, G34, G35, G36}, and {G30, G37, G38, G39}. Moreover, as Fig. 2 depicts, if the system is not split into three islands, the speed of the generators increases and their terminal voltages significantly reduce. Thus, a blackout is unavoidable even if the fault is removed. In this case, the necessity to separate the system is assumed to be at 1.7 s. Hence, considering the power flow and actual topology of the system at t = 1.7 s, the proposed modified MILP ICI algorithm is used to find the optimal islanding solution. The first step of the algorithm is the preprocessing procedure, which finds first the trees that connect all the generators of each coherent group with the minimum number of nodes (Fig. 3) . As mentioned in Section II-B, the nodes of these trees are then served as additional constraints to the MILP formulation. The implementation of the proposed ICI algorithm identifies the optimal solution (for minimal power imbalance) to open the lines 9-39, 3-4, 14-15, 3-18, and 17-27 (red dotted line in Fig. 4) . The solution was found in approximately 0.1562 s (Table I) . Hence, islanding was undertaken at t = 1.8562 s (without considering the delay in communications and the actual operation of the CBs).
The assignment of the BESSs to the islands, as well as the optimal active power set-points for the BESSs (determined by the modified MILP ICI algorithm) that minimize the power imbalance in the formed islands are presented in Table II . As it can be noticed, the modified MILP ICI algorithm has assigned three BESSs into Island 1 to act as a 10 MW generation source (discharging mode), and two and one BESSs into Island 2 and Island 3 respectively to act as a 10 MW load (charging mode). The generation (i.e., synchronous generators and the BESSs) and the consumption (i.e., loads and BESSs) in each island, as well as the generation capacity of each island are presented in Table  III . As it can be seen, the ICI solution found minimizes the power imbalance between the generation and the consumption within each island, but without achieving zero power imbalance in any of the three formed islands. Moreover, it is important to understand that the proposed ICI algorithm has guaranteed sufficient generation capacity to match the load consumption in each island, and furthermore, to charge the BESSs that need to be charged (i.e., BESSs of Island 2 and Island 3) (constraint (6) in Section III-B). The above adjustments, due to the faster response of BESSs compared to the synchronous generators, are expected to reduce the generation to be rescheduled after system splitting, and therefore, to further improve the transient stability of the formed islands.
B. Case Study 2
At time t = 1 s, a three phase to ground fault occurs at bus 14 and is cleared 0.55 s later. Shortly after the fault, a group of 2 generators swing together and the rest ones swing apart. Two groups are created: {G31, G32} and {G30, G33, G34, G35, G36, G37, G38, G39}. Moreover, the generator speeds are increased, while the generator terminal voltages are significantly low. Therefore, similar to case study 1, it can be concluded that the system needs to be split if the blackout is to be avoided. Here, the necessity to split the system is considered to be at 2.0 s. Hence, considering the information of the system (power flow and topology) at t = 2.0 s, the modified MILP ICI algorithm is used to find the optimal splitting solution.
Fig . 5 shows the trees found by the preprocessing procedure for each coherent group. As mentioned above, the nodes of these trees will be served as an additional constraint to the MILP formulation which will contribute to the reduction of its search space. Fig. 6 illustrates the islanding solution determined by the execution of the proposed modified ICI algorithm. The information about the splitting strategy found, the value of the cut and the execution time are presented in Table IV . Table V and VI present the impact of including the new constraints for the BESSs in the proposed ICI strategy. More specifically, Table V presents the assignment of the BESSs to the islands along with their optimal active power set-points (determined by the ICI algorithm) that minimize the power imbalance in the formed islands. Table VI presents the generation (i.e., synchronous generators and the BESSs) and the consumption (i.e., loads and BESSs) in each island, as well as the generation capacity of each island. As it can be noticed, the modified MILP ICI algorithm was able to achieve zero power imbalance in Island 1 by assigning four BESSs into it (two BESSs to act as a 10 and 1.2 MW loads (charging mode) respectively, and the other two BESSs to shut down). At the same time, the ICI algorithm was able to minimize the power imbalance in Island 2 as much as possible by assigning two BESSs into it to act as 10 MW loads. At this point, it is important to clarify that, at first glance, a decision that assignthe BESSs of buses 4 and 15 into Island 2 to act as loads instead of shutting them down seems more logical. However, the optimal solution (for power imbalance) was to correctly assign the particular BESSs into Island 1 and to shut them down because on their buses there are also large connected loads (500 and 320 MW respectively), which have a significant role on the loadgeneration balance of the formed islands. Again, it is expected that the above adjustments will reduce the generation to be rescheduled after system splitting, thus forming more stable islands.
V. CONCLUSION
In this paper an existing MILP ICI algorithm that directly determines an islanding solution with minimal power-flow is modified to consider the impact of BESSs on the power system. The proposed modified MILP ICI algorithm aims to minimize the power imbalance in the formed islands by: i) deciding the island that each BESS should be assigned to and ii) defining the optimal active power set-point of each BESS that minimizes the imbalance between the generation and the consumption within each island. The effectiveness of the proposed modified ICI algorithm is tested and demonstrated using a dynamic model of the IEEE 39-bus test system.
